Biological water at the interface of proteins is critical to their equilibrium structures and enzyme function and to phenomena such as molecular recognition and protein-protein interactions. To actually probe the dynamics of water structure at the surface, we must examine the protein itself, without disrupting the native structure, and the ultrafast elementary processes of hydration. Here we report direct study, with femtosecond resolution, of the dynamics of hydration at the surface of the enzyme protein Subtilisin Carlsberg, whose single Trp residue (Trp-113) was used as an intrinsic biological fluorescent probe. For the protein, we observed two well separated dynamical solvation times, 0.8 ps and 38 ps, whereas in bulk water, we obtained 180 fs and 1.1 ps. We also studied a covalently bonded probe at a separation of Ϸ7 Å and observed the near disappearance of the 38-ps component, with solvation being practically complete in (time constant) 1.5 ps. The degree of rigidity of the probe (anisotropy decay) and of the water environment (protein vs. micelle) was also studied. These results show that hydration at the surface is a dynamical process with two general types of trajectories, those that result from weak interactions with the selected surface site, giving rise to bulk-type solvation (Ϸ1 ps), and those that have a stronger interaction, enough to define a rigid water structure, with a solvation time of 38 ps, much slower than that of the bulk. At a distance of Ϸ7 Å from the surface, essentially all trajectories are bulk-type. The theoretical framework for these observations is discussed. W ater is essential for the stability and function of biological macromolecules, proteins and DNA. Hydration plays a major role in the assembly of a protein's structure and dynamics. For example, water molecules around hydrophobic and hydrophilic sites are important to the understanding of the activity of enzyme proteins (see, e.g., refs. 1-3) and are part of the recognition process by other molecules or proteins. The water molecules that make up the hydration shell in the immediate vicinity of the surface are particularly relevant to the function and, in that sense, are termed biological water; this distinction has been discussed clearly by Nandi and Bagchi (4) in relation to dielectric relaxations. The nature of this shell ''layer'' has been the focus of numerous studies both theoretically and experimentally (see refs. 5-12), yet there is no generalized picture of the dynamics at the local molecular level.
W
ater is essential for the stability and function of biological macromolecules, proteins and DNA. Hydration plays a major role in the assembly of a protein's structure and dynamics. For example, water molecules around hydrophobic and hydrophilic sites are important to the understanding of the activity of enzyme proteins (see, e.g., refs. [1] [2] [3] and are part of the recognition process by other molecules or proteins. The water molecules that make up the hydration shell in the immediate vicinity of the surface are particularly relevant to the function and, in that sense, are termed biological water; this distinction has been discussed clearly by Nandi and Bagchi (4) in relation to dielectric relaxations. The nature of this shell ''layer'' has been the focus of numerous studies both theoretically and experimentally (see refs. [5] [6] [7] [8] [9] [10] [11] [12] ), yet there is no generalized picture of the dynamics at the local molecular level.
X-ray crystallography, neutron diffraction, and molecular dynamics studies have shown (5) (6) (7) (8) (9) (10) that at protein surfaces, water molecules are site-selective and can be restricted in their motion, even existing in the form of clusters in some cases. For example, neutron diffraction experiments (9) followed by molecular dynamics simulations on carboxymyoglobin (10) revealed that among the 89 water molecules associated with the protein, 4 remain bound during the entire length of the molecular dynamics simulation (50 ps), whereas the rest undergo continuous exchange between bound and free states on a variety of time scales. On the basis of dielectric measurements (11) and NMR studies (12) , it has been shown that the relaxation times for water associated with biomolecules occur on different time scales: from a few tens of picoseconds to the nanosecond time regime (see below).
Recently, these time-dependent relaxations were described in a model of a dynamical equilibrium between the free and bound water molecules (4) . The so-called moment-moment correlation function shows a bimodal behavior in the time range from picoseconds to nanoseconds. Solvation dynamics in protein environments using dye molecules as extrinsic probes (13) (14) have been studied and show a nonexponential behavior. Molecular dynamics simulations have provided a range of time scales, with distinct difference for the residence time for different sites at the surface (7, 8, 10) . To understand the dynamics at the local molecular scale, several questions need to be addressed: What are the time scales for water relaxation in the immediate vicinity of a protein surface? Are there local ''rigid'' structures of water at the surface, and how uniform is the protein surface? How does solvation at the surface differ from that of bulk water, and what are the entropic contributions?
In this study, we use the single Trp residue (Trp-113) in the enzyme (serine endopeptidase) Subtilisin Carlsberg (SC) as an intrinsic fluorescent probe. The single indole side chain of SC at Trp-113 is on the surface of the protein and is significantly exposed to the water environment (see Fig. 1 Top for the crystal structure of SC). The main advantage of using Trp to study the local molecular dynamics of the protein surface is that its intrinsic nature rules out any ambiguity about the location of the probe and about the heterogeneity at different sites. Although the ground state of Trp has a very small dipole moment, a hydrophobic residue, the electronically excited 1 L a state, has a large static dipole, and it is the emitting state in water. The energy gap to the electronic ground state is very sensitive to the local environment, and the spectral shifts follow the polarity of the medium, including proteins (15) ; in polar media, the spectrum shifts to the red. In the SC protein, the Trp residue resides in a site that is significantly exposed to water. Thus, we are able, with UV excitation, to follow its solvation in the dynamic Stokes shift, caused by water relaxation on the femtosecond to picosecond time scale. We then compare with the results obtained for free Trp in bulk water (16, 17) .
To examine the distance dependence, we made another set of femtosecond studies of hydration for a covalently attached dansyl chromophore. This labeling is well known (18) to occur at the -amino groups of the lysine and arginine residues, which are water-exposed. There are nine such sites in SC. Two of these binding sites are depicted in Fig. 1 Middle. On the basis of bond lengths, we estimate that the location (Ϸ7 Å) of the dansyl probe when bound to SC is such that it sees relatively smaller inter-action with the protein backbone and side chains in comparison with bulk water. The dansyl chromophore undergoes a twisted intramolecular charge transfer in the excited state to generate the fluorescing state (19) , and the process of solvation leads to continuous red shift of the emission spectrum. These dynamics are also determined by solvent relaxation (20) .
For all systems, we examined the time-dependent anisotropy of the emission, and the results elucidate the degree of rigidity of the probe. To ''mimic'' the surface effect of the protein, we also studied the solvation and local rigidity dynamics in the palisade layer of a neutral micelle formed with reduced triton X-100 (TX-100). In this case, we used the indole chromophore of N-acetyl-tryptophan amide (NATA), which is again a Trp analogue.
Experimental
Up-Conversion. Our experimental setup uses a Ti-sapphire, 1-kHz regeneratively amplified femtosecond laser. Excitation pulses were formed in a two-stage 800-nm pumped optical parametric amplifier. The resulting near-IR pulses were either sumfrequency mixed with the fundamental and then frequency doubled (for 288-and 296-nm excitation) or frequency doubled twice in ␤BBO crystals (for 325-nm excitation). The energy of the excitation pulses was kept at approximately 200 nJ. The samples were placed in a rotating circular cell with a 1-mm path length. The emission from the sample was collected by a pair of parabolic focus mirrors and crossed with the gate beam (800 nm) in a 0.3-mm ␤BBO crystal ( cut ϭ 44°). The polarization axis of the pump beam was adjusted to be at the magic angle (54.7°) with respect to the acceptance axis of the up-conversion nonlinear crystal and the polarization axis of the gate beam. The resulting UV signal was dispersed in a double-grating monochromator and detected by a photomultiplier tube. More details about the setup can be found elsewhere (20, 21) .
Sample Preparation. The protein SC, L-tryptophan, NATA, and TX-100 were purchased from Sigma and used without further purification. The SC protein was in the lyophilized powder form (highest grade). Dansyl chloride (DC) was acquired from Molecular Probes. Aqueous biological solutions were prepared in a phosphate buffer (0.1 M, pH 7) in water from a Nanopure purification system. The concentrations of Trp, NATA, and protein SC in the buffer solution are 5 mM, 5 mM, and 400 M, respectively.
The covalent attachment of the dansyl probe to SC (adduct formation) was achieved following the procedure from Molecular Probes. Briefly, DC was first dissolved in a small amount of dimethyl formamide and then added drop by drop into a sodium bicarbonate solution (0.1 M) of SC (pH 8.3) with continuous stirring. At this pH, the solvent-exposed lysine and arginine residues of SC react with DC to form dansyl-labeled sites. From the known x-ray structure (22) , there are a total of nine potential binding sites (two of them are shown in Fig. 1 Middle). The steady-state fluorescence spectrum of DC has a maximum at 510 nm in methanol and shifts to 500 nm for the dansyl-SC adduct in water. This shift is similar to that of Trp, from 356 nm in bulk water to 351 nm in the SC protein. Proper stoichiometry was maintained to obtain 1:1 dansyl-labeled SC adducts (D-SC). The reaction was terminated by adding a small amount of freshly prepared hydroxylamine (1.5 M, pH 8.5) after incubating it for 1 h at 4°C.
The solution was then dialyzed exhaustively against phosphate buffer (0.1 M) to separate the D-SC adducts from any unreacted DC and its hydrolysis product. It should be noted that D-SC complexes are quantitatively formed because of covalent synthesis (18) . The labeling was checked by static fluorescence and time-resolved fluorescence anisotropy measurements by using a FluoTime200 time-correlated single photon-counting instrument with 400-nm picosecond excitation (PicoQuant, Berlin). The temporal behavior of the fluorescence anisotropy of the D-SC system in water is consistent with the probe being bound to the protein (see Results).
NATA-micelle complexes were prepared by mixing NATA (1 mM) with the micellar solution of Triton X-100 (TX-100; 100 mM). Assuming the aggregation number of the TX-100 micelle to be 100, and based on the concentration ratio of NATA͞ micelle, the 1:1 complexes must be the dominant species with little multioccupancy at these concentrations.
Steady-State Optical Studies. Trp in bulk water shows a fluorescence maximum at 356 nm, with 288 or 296 nm excitation. In the SC protein, it shifts to 351 nm (for 296-nm excitation). The fluorescence maximum and the shape of the spectrum on Ϸ296-nm excitation are consistent with previous studies of this protein (23, 24) . NATA in neat water solution exhibits a fluorescence spectrum similar to Trp, but on inclusion in the TX-100 micelles, its peak shifts to the blue by 15 nm. DC is sparingly soluble in water but dissolves in methanol. The emission maximum in methanol is at 510 nm. When the dansyl chromophore is covalently attached to SC, the fluorescence emission increases by about a factor of two, and the spectrum is 10 nm blue-shifted with respect to the spectrum of DC in methanol at the same optical density. Static absorption spectra were obtained in a Cary 500 spectrometer (Varian). Steady-state fluorescence spectra were taken in a Fluormax2 spectrofluorometer (Instruments SA, Edison, NJ).
Results
Tryptophan in Bulk Water. Fluorescence up-conversion scans of aqueous Trp solutions are presented in Fig. 2 Upper. The excitation wavelength for this experiment was 288 nm. As indicated in a previous communication from this and another group (16, 17) , the ultrafast decays, observed on the blue side of the spectrum, and the corresponding rises, in the red edge, reflect a dynamic spectral shift that is a signature of relaxation of the solvent around the large dipole of the fluorescing state of Trp: 1 L a . The transients were fitted to the sum of exponentials convoluted with a Gaussian instrument response function with a full width half maximum of 350 fs. The time constant of one of these exponentials was fixed at 3 ns to represent the slow decay component from the fluorescent state at equilibrium. Using a total of 10 of these transients at a series of wavelengths, we obtained the time-resolved emission spectra; the transients were normalized to the fluorescence spectrum of Trp at 20 ps. The fluorescence spectrum used to normalize these data was constructed from the known lifetimes and fluorescence spectra of the two rotamers of Trp, as described in a study by Shen and Knutson (16) .
The values for fluorescence maximum, max (t) in cm
Ϫ1
, were obtained from fits of the time-resolved spectra to logarithmnormal functions at each delay point. With our time resolution, we observed that the fluorescence spectrum has a maximum at Ϸ320 nm at t ϭ 0; this value is 12 nm red-shifted from the fluorescence maximum observed in nonpolar environments (15) . The corresponding solvent response function, which is a correlation function describing the influence of solvent fluctuations on the emitting dipoles, C(t), is shown in Fig. 2 Lower and is defined as
We have used the spectrum at 20 ps to define the max (ϱ) value, because the spectral evolution related to solvation is completed by this time (16, 17) , whereas the nanosecond spectral change occurs because of the different fluorescence lifetimes of the two rotamers of Trp (26) . In this and the rest of our measurements, we did not include wavelengths where a significant contribution from Raman scattering by water was evident (about Ϯ 5 nm, Ϸ3,400 cm Ϫ1 OH band from the respective excitation wavelength).
In bulk water, the Trp solvation C(t) curve can be fitted to the sum of two exponential decays: 1 ϭ 180 fs (20%) and 2 ϭ 1.1 ps (80%). This dynamic Stokes shift behavior is typical of solvation of a molecular probe in bulk water, and the time scale is consistent with our previous study of Trp at pH 2 with excitation at 266 nm (17) . The ultrafast behavior of the C(t) in this case corresponds to relaxation of the water molecules involving both inertial (sub-100 fs) and diffusive (overdamped) rotational motions (up to Ϸ1 ps) (27) . Rotational motions of the solvent molecules dominate the relaxation trajectories, and the contribution from the translational motion is small. The inertial part of the response is because of pair-wise solute-solvent interactions, whereas for the diffusive part, more collective motions of the solvent molecules are present (25) .
Tryptophan of the Protein. Fig. 3 Top shows the hydration correlation function obtained from up-conversion experiments on aqueous solutions of the SC protein. We used an excitation wavelength of 296 nm to minimize the excitation of the tyrosine residues. In this case, C(t) was obtained by using the same procedure outlined above; the long time-decay component was fixed at 2.8 ns, which is the weighted average of the two longer (2.42 and 4.64 ns) decay components from a previous nanosecond time-resolved fluorescence study of SC (23) . The freely varying preexponential factors and decay times are not very sensitive to the specific value of this long time component, because the range of our studies is concerned only with the first Ϸ200 ps.
To construct the time-resolved spectra of the SC, we performed a direct normalization of the up-conversion data by multiplying the multiexponential decays by the factor: F ss ()͞ ⌺a i ⅐ i , where F ss () is the measured steady-state fluorescence spectrum, and a i and i are the preexponential factors and decay times from the fits. The value of max (ϱ) was taken from the spectrum at 200 ps. In all other respects, the calculation of the C(t) function follows the procedure of Trp indicated above.
The hydration dynamics of the SC protein show important differences when compared with the results of Trp in bulk water. In particular, the C(t) decay shows a considerably slower decay component and is described by the sum of two exponentials, with 1 ϭ 800 fs (61%) and 2 ϭ 38 ps (39%), much different from the observation made in bulk water. The overall spectral shift we observed is 1,440 cm Ϫ1 ; max (0) ϭ 30,710 cm
, max (200 ps) ϭ 29,270 cm Ϫ1 . Clearly, the local protein environment of the indole chromophore at the surface of SC changes the dynamics of hydration.
To measure the local rigidity of the indole rings in SC and also to verify that the spectral-shift dynamics we observed are not complicated by internal conversion between the 1 L a and 1 L b states, we studied the fluorescence polarization anisotropy. Up-conversion scans were acquired at 370 nm with parallel and perpendicular relative polarizations of the pump and gate beams to obtain the anisotropy decay: anisotropy (not displayed) shows a slow decay that, together with the t ϭ 0 anisotropy value of Ϸ0.2, indicates that any 1 L b 3 1 L a internal conversion must occur within our time resolution (17) . The t ϭ 0 value of the anisotropy of emission from the indole chromophore depends on the specific wavelength of excitation (16) .
The anisotropy decay of free aqueous Trp (excitation, 288 nm; fluorescence, 340 nm; data not shown) was studied carefully to compare with the results from the protein and the micelle. We observed a rapid change of the anisotropy from a value of about 0.13 to a value of 0.07, well within our instrument response time (this is observed in the raw anisotropy data). After this decay, the anisotropy continues to decrease from 0.07 to a value of zero with a time constant of 35 ps. This decay describes the rotational relaxation of the free molecule in bulk solution. These observations are consistent with other femtosecond time-resolved anisotropy studies of free aqueous Trp (16, 17) .
For the protein, the value of r (0) we observed is in excellent agreement with that obtained from the study by Shen and Knutson, where the excitation wavelength was systematically varied in a fluorescence up-conversion study of aqueous Trp (16) . The anisotropy decays to a value of Ϸ0.1 in 200 ps. The r(t) decay can be fitted to a sum of two terms: a 55-ps decay (50%) and a constant term (50%). This constant anisotropy level, not observed for free Trp in bulk water, suggests that the rotational reorientation of the probe (and the protein) occurs on a much longer time scale; the 55-ps decay is accordingly a reflection of the fluctuations of the indole chromophore orientation when anchored in the protein backbone.
Protein-DC Adduct. The results of the femtosecond up-conversion experiments on the D-SC were obtained following the methodology used in the study of the protein and free Trp systems. The static fluorescence spectrum of D-SC is centered at 500 nm. At the wavelength used, 325 nm, excitation of the native protein chromophores is negligible, and only fluorescence from the extrinsic dansyl probe can be observed. The up-conversion scans were again fitted to the sum of exponentials. In this case, we fixed the long time component to 4.8 ns, a value that was obtained from a lifetime measurement by time-correlated single photon counting, as mentioned before. We then obtained C(t) by the same procedure.
The anisotropy measurement for D-SC is consistent with the binding to the protein. The results of the anisotropy measurement from time-correlated single-photon counting gives r (0) Ϸ0.4 and shows two decays, one of Ϸ100 ps (46%) and another of Ϸ1 ns (28%), after which the r(t) at Ϸ26% persists for at least 4 ns. This long time persistence is consistent with the probe being attached to the protein, which has a very long rotational relaxation time. Note that the experiments were performed on dialyzed samples with which free DC were excluded.
As shown in Fig. 3 Middle, the hydration correlation function C(t) decays much differently from that of Trp in the native SC. Here, the C(t) function has an ultrafast decay with a time constant of 1.5 ps (94%), and only a very small amount of spectral shift occurs with a time constant of 40 ps (6%). The total shift is of 1,180 cm Ϫ1 ; max (0) ϭ 21,430 cm
, max (200 ps) ϭ 20,250 cm Ϫ1 . The near absence of the Ϸ40-ps decay indicates that at the separation of Ϸ7 Å from the surface, the solvent dynamics resemble, to a large extent, those seen in bulk water.
Micelle-NATA Complex. Femtosecond time-resolved fluorescence study of the probe NATA in a micelle formed by TX-100 amphiphilic molecules gave results that are different from that of the protein and DC-adduct decays in time and form. This micellar system can be considered a chemical model to study the solvation phenomenon for the probe-exposed site at a surface in contact with water, similar to the protein situation. In this case, the indole moiety faces to some degree the aqueous environment, whereas the rest of the NATA molecule is embedded in the micelle. We have verified that up-conversion scans of aqueous solutions of NATA produced very similar results to that of Trp in bulk water.
The C(t) curve for the NATA-TX-100 system was obtained following the procedure outlined above (see Fig. 3 Lower). It also displays a biexponential decay with 1 ϭ 2.9 ps (45%) and 2 ϭ 58 ps (55%), and the total spectral shift in this case is: 670 cm Ϫ1 ; max (0) ϭ 30,420 cm
, max (250 ps) ϭ 29,750 cm
. We measured the anisotropy decay of the fluorescence (340 nm) from the NATA-micelle system and observed that r(t) has a value of Ϸ0.2 at time 0. It can be fitted to a 63-ps decay (36%) and a constant level term (64%). The behavior of the r(t) decay confirms that the NATA probe is included in the micellar structure; the persistent anisotropy reflects the slow rotational reorientation of the probe (and micelle), and the 63-ps decay describes the local motion of the probe.
Discussion
Summarizing the above results, we can make the following points: (i) Solvation dynamics of intrinsic protein Trp are very different from those in bulk water. We note that the excitation of Trp carries with it negligible excess vibrational energy and switches a dipole that is not present in the ground state hydrophobic residue. (ii) For the protein, a ''bimodal'' solvation with two time scales, 1 and 40 ps, was observed, almost with equal contribution, with our time resolution. (iii) For the indole chromophore (NATA) in the micelle water structure, we recovered the protein-type solvation behavior but with longer decay times (Ϸ3 and 60 ps). (iv) The covalently bonded dansyl chromophore at a distance of Ϸ7 Å from the protein surface exhibited solvation behavior similar to bulk solvation with a small contribution Ϸ5% of a 40-ps component. (v) In bulk water, the anisotropy of Trp decays in less than 100 fs and then from the value of 0.07 (excitation at 288 nm) to zero in 35 ps; the 35-ps decay is the orientation relaxation time, whereas the femtosecond component is because of the intrinsic states mixing ( 1 L a , 1 L b ) of Trp, as discussed in the text. (vi) The picosecond anisotropy of Trp distinctly changes in the protein, from 35 ps in bulk water to a decaying anisotropy, by Ϸ60 ps, but remains constant at the value of Ϸ0.1 (296-nm excitation); for the micelle-NATA and protein-dansyl systems, similar behavior was observed.
These results are significant in view of the common picture for protein hydration as one in which the protein involves a water layer that is ''static'' and different from bulk water. A recent high-resolution x-ray crystallographic study of the protein SC (28) found that a layer of about 100 water molecules is associated with the protein; the occupancy is near unity, and there are a number of water molecules that occupy the vicinity of the Trp residue. This number of Ϸ100 is dictated by the equilibrium thermodynamic properties of hydrogen and van der Waals bonding and by the averaging in the crystal over space and time. Accordingly, the use of ''ordered water'' should be defined in this context. In solution, however, the dynamics and kinetics of water at the surface of the protein are determined by the time scale of solvation and by exchange with the bulk.
Our results indicate that the apparent ''bimodality'' reflects two types of solvation. The subpicosecond decay of the solvation correlation function, C(t), in SC has the similar characteristic of bulk solvation, primarily because of rotational inertial and diffusive relaxation of water around the chromophore. In contrast, the 38-ps component, which is orders of magnitude slower, reflects hydration by water molecules on the surface hindered for a long enough time under the influence of the protein potential of interaction. As such, this water structure, formed by dynamical ordering, is ''rigid'' but for a finite time. Molecular dynamics studies of the protein carboxymyoglobin (see, for example, ref. 10 ) have shown that the interaction of water molecules at the surface has a distribution of interaction energies, which gives rise to a distribution of water residence times, ranging from subpicoseconds to 100 ps or so, at the different hydration sites. Moreover, recent work by Clary's group on trajectories of a single water molecule attacking a protein shows distinct time scales for the trajectories (D. Clary, personal communication).
Molecular dynamics simulations by Rocchi et al. (29) on the protein plastocyanin have indicated that the dynamics of water molecules are significantly altered by their proximity to the surface of the protein. In particular, the study showed that the average rotational reorientation time for water molecules within a 4-Å distance shell from the protein's surface is significantly longer than that of a 14-Å shell. Although the study did not focus on specific molecular details at the protein's surface, it gives a clear indication that interactions with the protein's exposed sites, on average, tend to slow down the rotational dynamics of water molecules.
In a simple kinetic model, one can provide an order-ofmagnitude estimate of the time scale for the exchange of surface water molecules with those of the bulk. The equilibrium between free and bound water is determined by the barrier and the free energy difference of the two forms. As suggested by Bagchi and Nandi, taking into consideration the number of hydrogenbonding sites and their energies (typically Ϫ1.4 to Ϫ4.0 kcal͞ mol), the free-to-bound rate can be as small as 1.5 ϫ 10 9 s We note that these rates are the result of exchange between free and bound water, but these results represent a spatial averaging and depend on barrier height. One must also take into account the relative motion of the probe; however, in our case, the probe Trp itself is actually restricted in motion, not like in bulk water, as evidenced by our results of the anisotropy.
In contrast to the case of the native Trp in SC, when the chromophore is the dansyl moiety bound to the surface of the protein, almost bulk-like solvation behavior is recovered, and the long decay component (40 ps) corresponds to only about Ϸ5% of the total C(t) decay. Because in the D-SC system the chromophore resides at a distance of a few bond lengths from the protein surface (see Fig. 1 Middle), solvation is significantly influenced by bulk free water molecules.
For the micelle-NATA system, the observed solvation dynamics resemble that of the native SC protein, but the time scales are different: the fast decay component has a time constant of 2.9 ps, compared with the 0.8 ps seen in SC, and the long decay component becomes 60 ps instead of 40 ps in SC. The surface of the TX-100 micelle is considerably polar, and the hydrogenbonding network of water molecules at the surface defines an extended solvation shell (30) . Hence, the 60-ps decay is indicative Fig. 4 . A representation of the dynamic model discussed in the text for the solvation of proteins. (Upper) A water structure is shown, but it should not be viewed as a static layer. Instead, the distribution in residence time at the surface site defines two types of water motions: those that are as fast as bulk water, f (weak interactions), and those much slower, s (strong interactions). The exchange of surface and bulk water is displayed with two rate constants, k ϭ k 1 or k2. (Lower) We correlate the solvation behavior to a hydration occupancy, but the time scale shown is only for illustration. The free energy change is shown (Inset).
of relaxation in this type of rigid water structure. The comparison with the protein is not direct, but the important point is that in both cases the dynamical nature of the water layer is important.
Finally, it should be mentioned that the above results of solvation dynamics in all systems studied, except Trp in bulk water, were obtained by using the time window from 0 to 200 ps, the value used for max (ϱ). However, longer-time Stokes shifts may be present, reflecting the influences of more rigid structures, either of water or protein itself. Several studies have provided evidence of such Stokes shift in proteins on time scales of hundreds of picoseconds to nanoseconds (refs. 31 and 32); some of these studies have used single-photon counting techniques to cover such a range, without the femtosecond resolution provided in this work.
Conclusion
The study we present here is, to our knowledge, the first characterization, with femtosecond resolution, of the dynamics of solvation at the surface of a protein and using a single native Trp residue. Thus, the probing of biological water at the interface without spatial averaging or the position inhomogeneity of an extrinsic probe is achieved. Two types of trajectories of solvation have been observed, bulk type and protein layer type; both are dynamically involved and reflect the distribution in the residence times at the local surface site of the protein. The time scales observed in the apparent ''bimodal'' behavior of the hydration correlation function determine local order and rigidity. The probe itself is relatively rigid, restricted in motion in the protein, as evidenced by its anisotropy decay, but the water reorientation in the network is what determines the rigidity and order of the layer. By about 7 Å, essentially all water is bulk type. The model of our picture is shown in Fig. 4 , and we used it as a schematic of what we term ''dynamically ordered water'' of proteins.
NMR studies of protein hydration in aqueous solution give a range of residence times, 10 Ϫ2 -10
Ϫ8
, for interior water and subnanosecond for surface water, as shown by the groups of Wüthrich (12) and Forsén (33) and others. Because of the femtosecond resolution achieved here, we decided to reexamine the same protein, but when denatured. Our preliminary results show again nonexponential behavior: the ultrafast type behavior (Ϸ1 ps) and multiple solvation times (10-100 ps), reflecting the induced heterogeneity with some random coiling. We note that the average lifetime of tryptophan changes from 2.1 to 0.49 ns in the native and denatured forms (23), respectively, but both are longer than the reported solvation times.
The significance of these findings to the biological function of the enzyme protein SC may now be considered. The enzymatic activity of the protein, which is a surface function, depends on the efficiency of recognition of negatively charged and polar amino acids of the substrate peptide (34) . The bulk-like environment in the close vicinity of the surface would enhance the interaction with the substrate. On the other hand, the structured water molecules are needed around the protein surface to be part of an efficient chemistry and possibly maintain a threedimensional structure. Thus, the time scale for hydration and exchange dynamics is crucial to the tradeoff between the structure and its enzymatic function, and it is possible that the bimodal behavior reported here is of fundamental importance for such function.
